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RATE OF NUCLEATION@&eTh& f j$f t '$&ID PHASE I N  THE THERMAL 
DISSOCIATION REACTION 4 \OF MAGNESIUM CARBONATE 

S. Bretsz&y&rrP e Il&t%%! and A. Blum 

Laboratory of Physicochemi a1 Pr inc ip l e s  of Technology, 

Sciences, Warsaw 
I n s t i t u t e  of Physical Chemistry, 1 Polish Academy of  

Using t h e  r e s u l t s  of e a r l i e r  s tuc i e s  
tion-an--tions proceeaing i n  t h e  

p roposed  a hypothe t ica l  mechanism f o r  

25 I- of  t h e  type  

I-- 

15 

Iz 
of of  thermal d i s soc ia -  

t h e  i n  r eac t ions  
reverse  one of U s ]  has 

I ABSTRACT: A mechanism preseqted i n  an ear l ier  work o u t l i n i n g  
t h e  s t ages  i n  nuc lea t ion  rea  t i o n s ,  e .g .  t h e  formation of 
CaC03 from CaO and C O 2 ,  i s  u ed as a b a s i s  f o r  ca l cu la t ions  
of t h e  k i n e t i c s  and reac t ion  rate i n  such r eac t ions .  A formula 
expressing t h e  r e l a t i o n s h i p  etween t h e  log of t h e  nuc lea t ion  
rate and t h e  inverse  s ua r  og of  t h e  supersa tura t ion  i s  pre-  
sen ted ,  then appl ied cp%%j Wc8f earl ier  experiments on 
t h e  decomposition k i n e t i c s  o CaC02 and t h e  reverse  reac t ion .  
The po in t s  on a graph of log J' v s .  l / log2(p/po)  f a l l  on a 

a s t r a i g h t  l i n e .  i I 
35 

40 

' 45 

50 

- In  accordance with these  hypotheses,  t f e  nuc lea t ion  of the  new s o l i d  phase,  
-for example, i n  t h e  case of formation c f  CaC03 from C a O  and C02, takes  p l ace  
i n  t h e  fol lowing s t ages :  
- 
- a )  Adsorption of CO2 molecules cn t h e  CaO su r face ,  two-dimensional 
d i f f u s i o n  over t h e  su r face  t o  a c t i v e  s i t e s  where t h e  chemisorption of C 0 2  
-takes p lace ;  

- b)  Penet ra t ion  o f  chemisorbed C C 2  molecules i n t o  t h e  su r face  l aye r s  of  
-the CaO crystal l a t t i c e ,  i n  which t h e  arrangement of t h e  atoms undergoes 
-deformation as a r e s u l t  of chemisorption. 
i n  t h e  l a t t i ce .  

- c) Surface concentrat ion of microdefects due t o  t h e  mobil i ty  i n  
_cer ta in  areas on t h e  su r face ,  i . e . ,  s i t e s  of damage, corners ,  c r y s t a l  edges, 
z t c .  ; 

- 

This gives r i s e  t o  microdefects  

- 

- 
d) Transformation o f  t he  CaO 1a t . t i ce  i n t o  a CaC03 l a t t i c e  a t  po in t s  - 

30 t I 
A s o l i d  ,+ B s o l i d  + C gas 

I 
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:+here a s u f f i c i e n t  number o f  microde 
F e w l y  formed CaC03 nucleus i s  

have accumulated, s o  t h a t  t h e  

1- 

rowth of t h e  CaC03 (as a r e s u l t  of t h e  r e a c  
e a t  t h e  i n t e r f a c e  &FWe Z#i&trate phase and produc 
en, as  a r e s u l t  of on the  s o l i d  phase i n t  

ue t o  d i f fe rences  i n  t h e  dime it c e l l s  of t he  l a t t i c e  and 
i f f e rences  i n  t h e  type of  l a t  c r y s t a l  of product formed 

from the  su r face  of  the s u b s t r a t e .  Simultaneously with the  
ceases t o  

t h e  b a s i s  f o r  der iv ing  a 

of  supersa tura t ion ,  t h e  
of low supe r sa tu ra t ions ,  

the  system from the  

r eac t ion  o f  thermal 

(1) 

k-corrstarrt- 9 L I l e  us-rmrtant- e -  
t h e  temperature o f  

The experiment. 

takes  p lace  30 

assumptions 
i n  t h i s  mechanism and the  La muir theory,  t he  following dependence 

35 t 
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i s h e r e  J' i s  a quan t i ty  propor t iona i  t o ' t h e  nuc lea t ion  rate I ,  and ko i s  t h e  I 

2 I- Log J' vs .  l / l o g  (p/po) i s  d i f f e r e n t  
r e a c t i n g  s o l i d  phases,  which a r e  

30 Tormula (SI.** 

eriment a1 

Scope of t h e  Inves t iga t ions  and 
- Studies  recent ly  undertaken 

35 '~~ I 
magnesium carbonate were aimed a t  
'FIgO-COz system and checking t h e  above 

-- 
' constant  from equation (1) i n  ~ ~ e v ~ ~ ~ l ~ f  t h e  s t a t e  of  equi l ibr ium.* .- 

dedending on t h e  p r o p e r t i e s  o f  
charac te r ized  by c o e f f i c i e n t  A of  

t i e  Experimental Method Employed. 

on t h e  thermal decomposition of  
c o l l e c t i n g  experimental ma te r i a l  on t h e  

cmc lus ions  concerning t h e  r eac t ion  r a t e  

L I 
5 L  On tbe b a s i s  of general  equation o f  t he  theory of  nuc lea t ion ,  

Cfollowing pe la t ion  was found: Cover Pale Title 
i i 

' *  In  re f .  [ 2 ] ,  $J was erronously ca lcu la ted  
E l a t i o n  ( 3 ) .  

1 

L 
lo 1- 

f o r  p < po according t o  

15 

20 

25 

1 

(5) 

h l i s  i r e l a t i o n  expresses  t h e  ex i s t ence  d f  a simple propor t ion  between t h e  log  
lgf t h e  nuc lea t ion  ra te  and t h e  inverse !square of t h e  log of t h e  super-  

I s a t u r a t i o n .  

The r e l a t i o n  der ived was appl ied t o  ca l cu la t ions  of r e s u l t s  o f  earlier 
xperiments on t h e  decomposition k i n e t ' c s  o f  calcium carbonate and t h e  
everse  r eac t ion ,  i . e . ,  t h e  ac t ion  of  d arbon dioxide on calcium oxide.  I t  
as found t h a t  on graphs of  l o ~ , J : , q % ~  dy&2 Q/po) ,  t h e  po in t s  corresponding 4 rc 

,-to i nd iv idua l  measurements of t h e  give experiment f a l l  on s t r a i g h t  l i n e s .  mis fact c o n s t i t u t e s  a 
a n d  of  t h e  assumptions formation of  t h e  

-of nuc lea t ion  involving c r y s t a l  la t t ices  
t a k e s  p l a c e  i n  processes  o f  

der ived  formula 

doubt e d 1 y comp 1 ex phenomenon new s o l i d  phase. I t  was a l s o  found t h  

-nudeatiurr-&m ilrg-r;onnersa-tbn, 
- 

40 

45 

i n  t h e  range of high supe r sa tu ra t ions ,  bhere t h e  process  takes  p l ace  mainly 
as a resul t  of t h e  nuc lea t ion  o f  t h e  new s o l i d  phase. 
- 

The fol lowing substances were i n  t h e  s t u d i e s :  1) magnesium 
r a r b o n a t e  prepared by drying b a s i c  
at 340' [SI, 2) magnesium by Potapenko's pressure  method 
441 from a s o l u t i o n  of prepara t ions  were sub jec t ed  t o  

sium carbonate i n  a s t ream of-CO2 
I 
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a a f i n a l  dehydration i n  t h e  apparatus ed f o r  t h e  measurement i n  ques t ion .  

For1 t h e  purpose of a 

i 
1 

I 

I- 

i- 
c 

I 

-Garbonate. Curves: 1, Change o f  
'-Temperature of Sample; 2 ,  Change of 
-Weight of Sample; 3 ,  D i f f e r e n t i a l  
%ermal Analysis;  a, Time (Min.); 
6, Change of Weight. 

d i n  f u r t h e r  k i n e t i c  
e r a t u r e  f o r  t h i s  

temperature f a c i l i t a t e d  
t s  of t h e  r e a c t i o n  ra te  

i n  f u r t h e r  i nves t iga t ions .  

t i o n  of magnesium /1481 
carbonate were c a r r i e d  out  i n  

c apparatus by de te r -  
mining t h e  rate o f  discharge 
of carbon dioxide through t h e  

After press ing ,  t h e  
t i o n  s tud ied  was ground ~. 
a i n  s i z e  of  0.8-1.5 mm 
ced i n  a qua r t z  r e t o r t  
) .  A quar t z  tube con- 

nected t o  t h i s  r e t o r t ,  which 
cons t i t u t ed  t h e  r eac t ion  vesse l  
( i n  which t h e  quar tz  housing of  
t he  thermocouples i s  p laced) ,  
formed t h e  r eac t ion  zone t o -  
ge ther  with two mercury mano- ' 

meters. A f low-through 
stopcock connected t h i s  p a r t  of  
t he  apparatus with t h e  v e s s e l s ,  
i . e .  , t h e  vacuum tanks ,  with 
manometers f o r  measuring t h e  40 

. 45 

50 
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5 

10 

15 

20 

s tud ied  behaved 
slow course of  t he  r eac t ion  
the  course of  t h e  experi-  

2 
were observed 

i 25 

t- 

11483 - 

The l a r g e s t  poss ib l e  l d  
and a small gas space of t h e  

1 .* - l e  apparatus were used i n  order  

i 
\, 

tb -e l imina te  t h e  e f f e c  of a 
change i n  t h e  composit’on of 

r e -  
ac t ion  r a t e .  After  a r e s su re  
markedly d i f f e r e n t  from t h e  
equi l ibr ium pressure  had b u i l t  
up above t h e  system, t h e  
reac t ion  r a t e  was det,ermined 

i t k  t h e  s o l i d  phases on t h  F 
by measuring t h e  r a t e  of  
changes i n  the  gas pressure  
over t he  system. To t h i s  end, 
a stopwatch was used t o  de te r -  
mine the  time i n  which the  
mercury column i n  t h e  manometer 
i nd ica t ing  the  pressure  i n  t h e  

marks on a magnifying g l a s s  
through which mercury l e v e l  i n  
the  manometer was observed. 

1 

iourcesystem s h i f t e d  between two 

In t h e  experiments d i s -  
t h e  magnesium carbonate 

a m d  tu-abunt 
k i g .  2 .  1 and 2 ,  Thermocouple; 3,  Tubu 

Furnace; 4 ,  Reaction Vessel;  
Tank; a ,  To Vacuum Pump 

k e  s u 1 t s 35 

and the  s h i f t  of t he  mercury 
column between the  marks o f  
the  magnifying glass cor- 
responded t o  a 0.1% change i n  
the  composition o f  t he  s o l i d  
phase. 

a r  
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!-Preparat ion 1. 
c 

I 

k: * l O " : ~ t l M  

I BU,2 2,2700 
56,% I ,74m 
1 :I ,3 1,1289 

k,: 10' : - 1 CJB 

1 1 P , 4  2,0507 
2:i,5 1,371 I 

1 ,30 0,1139 

k: ' 1 o n  -3 140,5 

i n i , z  2,2!,112 
33,7 1,3527 

3,08 0,48a(1 

_" 

. .  
1,035 
2,857 
4,l OB 

1,700 
2,510 
4 , w 5  

". - . .  

2,320 
3,926 
0,142 

- I' t------- 
- A graph o f  t he  func t ion  v = f ( p )  showed he curves obtained t o  be 
s i m i l a r  t o  analogous curves f o r  experi en t s  i n  which apparent e q u i l i b r i a  tak 

In e a r l i e r  s tud ie s  it was shown h a t  when apparent equi l ibr ium pressui  
arise i n  a system, pol  should b e  i troduced i n t o  equation (1) i n s t ead  oi 

30 :..-' 
t h i s  reason, i n  ou r  f u r t h e r  wasoning,  t h e  degree of  supersa tura t ic  

was t h e  r a t i o  of  t h e  pressure  of carbon dioxide i n  t h e  system a t  a 
iven i n s t a n t  t o  the  apparent decomposition pressure  o f  t h e  system a t  the  
emperature of  t he  measurement. 1 

i 

I 

For each experiment, t h e  apparent equi l ibr ium pressure  po ' charac te r -  

This r e c t i -  

t h e  s t a t e  o f  t h e  sur face  was determined graphica l ly  from a p l o t  of  t h e  
v = f ( p ) .  This was done because these  p l o t s  gave curves which 

howed a r e c t i l i n e a r  course i n  a l l  cases over a c e r t a i n  range. 
probably corresponds t o  k i n e t i c  range a t  small d is tances  

equi l ibr ium. With t assumption, ex t rapola t ion  of  t h i s  

equi l ibr ium pre p o t  o f  a given experiment. The 
lope of t h i s  curve then corresponds t k '  from t h e  modified 
ormula f o r  t he  r eac t ion  r a t e :  

made it poss ib le  t o  

50 E E s .  
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I f r Experihent 

T A B L ~  11 * 
Page One T i t l e  

Cover Pa e Title 6 
! 

/- Number 
PIP6 8.10' J' * 10' 1 O g  (J' 10') l/~& - [p/p$ I p  V 

t=495OC p6=129 k; = 453 * IO-' 
~ - 

8 4 4 8  0,0620 14,48 212,8 2,3279 0,6858 
13 5,21 0.1008 17.26 162,4 2,2106 1,007 
18 3,17 0,1395 27,14 66,9 1,8254 1,367 
24 2,14 0.1 860 38,04 19,l 1,281 0 1,874 

- 
30 1,85 0,2326 41,48 9,21 0,9643 2,491 

t=494"C p;=129 k6=453.10 

10 6,86 0,0775 13,45 236,8 2,3744 0,8104 
16 5,15 0,1240 17,Ol 166,3 2,2209 
22 3,38 0,1705 24,54 84,60 
28 2,58 0,2170 30,35 49,26 

11217 
1*9274 1,694 
196925 2,272 

t -498,5"C PA= 1 53, k; = 281,6* lo-' 

8 , 12,99 0,0523 7,30 285,7 2,4559 , 0,6080 ' 
16 7,59 0,1046 11,80 13 8.6 2,1418 1,040 

28 4,20 0,1830 19,45 44,78 1,6511 1,839 
22 5,23 0,1438 16,36 72,l 1,8579 1,409 

34 3,41 0,2222 22,81 23,45 1,3701 2,343 
40 2,81 0,261 4 26.28 7,15 0,8543 ' 2,946 

t =498,5"C p;=148 k6=287,5 *lo-' 

8 10,76 0,0541 8,79. 227,l 2,3562 0.6291 
1 4  6,67 0,0946 13,57 111,9 2,0487 0.8535 
20 5,43 0,1351 15,93 80,47 1,9057 1 ,323 
2& 4,40 0,1757 18,73 53,50 1,7284 1,753 
32 3,45 0,2162 22.72 26,54 1,4239 2.260 
38 3,02 0,2568 24,60 16,87 1,2271 2,869 

t =493,50c p;=105 mmHg k;*lO*=372 

8 6,99 0,0762 13,22 181,4 2,2586 0~8000 
14 4,44 0,1333 19.51 90,67 1,9574 1 J06 

26 2,38 0,2476 31,61 17.68 
32 2,oa 0,3048 3 4 , 4  8,08 0,9074 &755- 

20 3,53 0,1905 a m 3  62,23 1,7940 1,939 
1,2475 2,721 

I 

50 I-* T r .  Note: Commas ind ica t e  decimal" t s .  
. 
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5 E  i 
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lo[ 

15 

20 - 

~ 

25 

- 
- The r e s u l t s  of c e r t a i n  measurements 
w i th  formulas (2)  and (4) and co l lec ted  
q u a n t i t i e s  : 

- 

ATr .  Note: Commas i n d i c a t e  decimal 

- 
t - temperature at  which the 

- 

- 
I --__ _----I___ -__ __ 

- 1 ____ - _  
10 g(J'10') 1 /lOg2(p/p$ J' * 10' 

I 
Experi en t  

Numberr ,I P 2, PIP6 @.10f 

were reca lcu la ted  i n  accordance 
i n  Tables 1-2  by giving t h e  following 

experiment was c a r r i e d  ou t ,  

@%s. 

__ 

- -  

35 

40 

- 45 

50 

I 
9 

7 

10 

11 

t=49E°C p;=110 mm Hg 10' = 2294 

0,7715 
8 11,33 0,0727 8,18 180,7 2,2569 lf48 

290712 1,824 14 8,28 0,1273 10,54 11 7,8 
20 6,Ol 0,1818 13,61 68,70 1,8370 2,548 26 4,lO 0,2364 18,62 23,30 1,3674 . 
32 3,72 0,2909 19,06 20,46 1,3109 3,477 
38 2,93 0,3455 22,33 2,82 0,4502 4,692 

t=49E°C p;=145 mm Hg G.10'=289,8 

8 1123 

20 5,12 
26 4,03 

38 2,78 
t=498'C 

. 14 985 

32 3,33 

8 10,44 
14 7,59 
20 5,71 
26 4,09 
32 3,75 
38 3,06 

0,0552 8,41 244,O 2,3885 0,631 0 
0,0965 13,OO 122.9 2,0895 0,9699 
0,1379 16,84 72,09 1,8578 1,351 
0,1793 ' 20,36 42,34 1,6267 1,795 
0,2207 23,40 23.85 1,3775 2,322 
0,2621 26,54 9,19 0,9633 2,958 

6 - 10' =276,4 

0,0597 9,Ol 206,8 2,3156 0,13675 
0,1045 11 ,80 134,2 2,1277 1,039 
0,1492 14,90 85,50 1,9320 1,465 
0,1940 19.70 40,30 1,6053 1.97% 
0- 20,30 3416 1,558S .2,581 

p;=134 mm Hg 

0,2838 ' 23,41 18,@7 1- 3439 

p l u e s  of p and k' thus obtained woul then apply i n  f u r t h e r  ca l cu la t ions  0 
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age One 

3ver Pa 

b r i m  pressures  were introduced 

mer P 

Fig .  3 
!-- c 

30 

D i s c u s s i o n  of Resul ts  and Conclusions 

The r e s u l t s  of t h e  s tudy of t h e  
aecomposi t ion  ( a  process  which was foi 

I- 
- I 

- 
- 
- 

I 

. 45 
L 

p o t  - apparent equi l ibr ium pressure ,  
TiKdk - value of t h e  r e a c t i o n  

constant  i n  t h e  v i c i n i t y  of  he s ta te  
e & m a r e n t  equi l ibr ium, p - average 

pressure  i n  t h e  system dur in  i t h e  
measurement, v - r eac t ion  rate ex- 
pressed  as  the  rate of change of  
p re s su re  i n  mm Hg/min, p /pot  - degree 
o f  supersa tura t ion  cha rac t e r i z ing  the  
d i s t ance  from t h e  s ta te  of  apparent 
equi l ibr ium, 

a t e  

g-tity propor t iona l  t o  t h e  ra te  
of  nuc lea t ion .  

These r e s u l t s  a r e  a l s o  shown 
i n  F i  s .  4-6 as dependences of  log  J' 
on t h i  inverse  square o f  t h e  log of  
t h e  s pep3atjuration. -t n e t i c s  of magnesium carbonate 

1 t o  involve apparent e q u i l i b r i a )  
confirmed the  ex is tence  of a 
simple proport ion between t h e  
log of t h e  nuc lea t ion  r a t e  and 
the  inverse  square o f  t h e  log 
of  t h e  supe r sa tu ra t ion .  

Deviations o f  t h e  po in t s  
corresponding t o  c e r t a i n  measure 
ments from s t r a i g h t  l i n e s  a r e  
occasional ly  s u b s t a n t i a l .  I t  
should be noted,  however, t h a t  

r aph ica l ly  by ex t r apo la t ing  t h e  of t h e  curves represent ing  
-+he dependence of t h e  r eac t ion  from equi l ibr ium,  and 

undoubtedly decreases t h e  The r e s u l t s  
____ _- ._ -- - 
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v 
/o f  t h e  experiments descr ibed i n d i c a t e  
la general  cha rac t e r  of  t h e  dependence 

nuc lea t ion  rate on t h e  1 f 3  h e  I#% 

; %-? the  s a t u r a t i o n .  
5 1 3  

\ 2  
I bo' 
i o  

l 

I 

og of i values  of nuc lea t ion  r a t e s  
' c a l cu la t ed  on t h e  b a s i s  of exp riments 
' c a r r i ed  out  a t  t h e  same temperature 
and i n  neighboring pressure  ranges 

l-l 

P d i f f e r .  A s  was a l ready  noted i n  

F ig .  5 among o t h e r  t h ings ,  on t h e  way of hand- 

1 D o q  - I 
I e a r l i e r  s t u d i e s ,  t h i s  ra te  depends, 

c- l i n g  t h e  system before  s t a r t i n g  the  

,. lo 0 
c 

i 

) k i n e t i c  measurement and on t h e  degree 
o f  t ransformation of t he  prepara t ion .  

I 
i 

l5 f 7- 
r- a _.  

, 2 1- * Pa$e Source 
9 

I I 1 I 

1 7 3 4 

( 4 " )  I- 
l / l o g  ; - 

Fig .  6 

REF ERE NCES 

Bre tszna jder .  S. , i n :  Ca ta lys i s  and Cata lys t s  (Kata l iza  i k a t a l i z a t o r y )  , 
Warsaw, 1952. 

45 1 

Bretszna jder ,  S. , Roczniki Chem., Vol.  31, p. 1255, 1957. 
Bre tszna jder ,  S. , XVI Congres In e r n a t i o n a l  de Chimie Pure e t  Appliquee. 

Memoire Presente  a l a  Section a de Chimie Minerale, p .  603, Paris,  
1957. 

Potapenko, S. V . ,  Zh. P r i k l ,  Khi . Vol. 5 ,  p .  693, 1932. 
Centerszwer, M .  and B .  Bruzs, Z .  Physik. Chem., Vol. 114, p. 237,1925. 
Bre tszna jder ,  S . ,  Kawecki, W . ,  d W. Raabe-Kotowska, Przemysl Chem. 

Tsvetkov, A. I .  , Trudy I n s t .  Nauk Press, Petrograficheskaya 
( i n  p r e s s ) .  

se r . ,  No. 30, p .  67, 1949. 

Trans la ted  f o r  t he  National Aeronauti and Space Administration under 
-Contract No. NASw-1695 by Techtran Co orat ion,PO Box 729, Glen Burnie, Md. I- k21061.  

50 
I _- I 


